ABSTRACT The myrmecophilous Þve-spotted gamagrass leafhopper, Dalbulus quinquenotatus DeLong and Nault, and its tending ants on gamagrass Tripsacum dactyloides L. were examined to determine the inßuence of shade and ant-constructed shelters on the population sizes of D. quinquenotatus and ants. Gamagrass plants hosting ants and leafhoppers were exposed to 50, 30, or 0% artiÞcially constructed shade. The greatest numbers of leafhoppers and ants were found on plants that received 50% shade. Shelters made by the ant Solenopsis geminata (F.) contained large numbers of leafhoppers and ants but were found only on T. dactyloides exposed to 50% shade in artiÞcially constructed habitats. Additional sampling was conducted on wild gamagrass plants in the Þeld to explore the presence of ants tending leafhoppers in shelters and to evaluate whether ant-constructed shelters protect leafhopper nymphs from parasitoid wasps. Large aggregations of S. geminata in shelters were also found in natural gamagrass habitats. Leafhopper nymphs living in shelters made by S. geminata may be protected against the dryinid wasp parasitoid Anteon ciudadi Olmi. No sheltered nymphs were parasitized by dryinids, whereas 24% of unsheltered nymphs had dryinid parasitism.
Mutualistic interactions between ants and plants can be inßuenced by abiotic factors (Bronstein 1994 , Kersch and Fonseca 2005 , Philpott and Armbrecht 2006 . In these interactions, ants protect plants against herbivory, whereas ants receive exudates produced by food bodies or extraßoral nectaries. Abiotic factors such as soil nutrients and light availability are important in determining the intensity of mutualisms and for the spatial distribution of mutualisms through space. For example, soil fertilization increases the production of food bodies and nectar for ants, resulting in a signiÞcant decrease in herbivory (Heil et al. 2001) . Soil conditions increase silicon accumulation, resulting in better physical defenses against herbivory (Korndö rfer and Del-Claro 2006) . Light availability also inßuences mutualism intensity. When the plant Stryphnodendron microstachyum Poepping and Endl. grows under the canopy of a secondary forest, it produces more nectar from extraßoral nectaries and attracts more ants than unshaded plants (de la Fuente and Marquis 1999) . Furthermore, more ants are found in shaded than sunny coffee plantations (Perfecto et al. 1997) .
The effects of light or shade on antÐ hemipteran mutualistic interactions (e.g., myrmecophilous aphids, coccids, leafhoppers, mealybugs, and treehoppers) is largely unexplored. In these relationships, ants provide hemipterans protection from natural enemies such as parasitoids and predators while ants receive honeydew, a reward analogous to plant exudates (Way 1963) . As occurs in antÐplant mutualisms, shade may also be an important force that determines the outcome of mutualisms by increasing the abundance of ants, altering the behavior of shelter-building ants and so increase the protection of hemipterans from predators and parasitoids (Del-Claro and Oliveira 2000) .
We used the Þve-spotted gamagrass leafhopper (Hemiptera: Cicadellidae), Dalbulus quinquenotatus DeLong and Nault, and its tending ants (Hymenoptera: Formicidae) to study the effects of shade on a leafhopperÐant mutualistic interaction. D. quinquenotatus and ants occur in obligate associations on basal leaves of gamagrass host plants (Tripsacum spp.) (Nault et al. 1983 , Larsen et al. 1991 , Moya-Raygoza and Nault 2000 . Five-spotted gamagrass leafhoppers, native to Central America and Mexico, are sedentary, gregarious, and produce large quantities of honeydew. This honeydew is a food resource for at least 18 species of ants, including the native tropical ant Solenopsis geminata (F.) (Larsen et al. 1991 (Larsen et al. , 1992 . In return, ants protect D. quinquenotatus from predators (Moya-Raygoza and Nault 2000, Larsen et al. 2001) .
Gamagrasses in central Mexico grow in open habitats that receive sunlight all day or in habitats that receive some shade throughout the day (e.g., close to dense vegetation, on slopes, near shrubs, or large rocks). We observed that gamagrass growing in par-tially shaded habitats had shelters built by tending ants that contained apparently larger populations of leafhoppers and tending ants. These shelters were found near the ground on the base of stems where D. quinquenotatus were feeding and tended by ants. We hypothesized that shade positively affects this leafhopperÐant interaction. Our objectives were to (1) determine whether shade affects the size of ant and leafhopper populations involved in a mutualism; (2) examine whether the numbers of ants and leafhoppers were greater in shelters; and (3) evaluate whether leafhopper nymphs in shelters constructed by ants were protected from dryinid parasitoid wasps better than leafhopper nymphs tended by ants without shelters.
Materials and Methods
Effect of Shade on Leafhoppers and Ants. Shade experiments (50, 30, and 0% [no shade]) were conducted in Zapopan, Jalisco, in central Mexico (20Њ44Ј N 103Њ30Ј W) at 1,570-m elevation. Single tillers of gamagrass Tripsacum dactyloides L. were obtained by rhizome propagation. Rhizomes were collected from T. dactyloides population, which covered an area of Ϸ0.25 ha, located at Zapopan, and grown in pots (26 cm in diameter by 20 cm in height) in the greenhouse. These plants were transferred to the Þeld when they were 14.8 Ϯ 0.4 (SE) cm tall and had 5.9 Ϯ 0.1 leaves.
In total, 24 pots with one plant each were placed in the Þeld with 1 m between each pot. Tending ants and leafhoppers collected from T. dactyloides population at Zapopan were deposited on the plants. The plants were covered with screen for 2 wk to allow populations of both ants (mean, 5.3 Ϯ 0.9) and leafhoppers (mean, 6.9 Ϯ 0.8) to become established on the basal leaves of T. dactyloides. After 2 wk, screens forming barriers to the movement of ants and leafhoppers among the pots were removed.
Three treatments were arranged in a randomized design with eight replicate plants of each treatment. Treatments were 50% shade (Ϸ0.17 mol/m 2 /s for Ϸ6 h), 30% shade (Ϸ 0.17 mol/m 2 /s for Ϸ3.5 h), or no shade (Ϸ12 h of sunlight, equivalent to Ϸ 1.32 mol/ m 2 /s for 12 h). Shade levels (50 or 30%) were created by using a wall of wood beside each pot perpendicular to the direction of the sun. The height of the wall was calibrated to ensure the amount (hours) of shade that each plant received during a day. Walls 120 cm in height produced 50% shade, and walls 60 cm in height produced 30% shade. Photosynthetic photon ßux densities were measured using a LI-250 quantum sensor (Li-Cor, Lincoln, NE).
Once the treatments were established, the number of ants and leafhoppers were counted on each plant between 1000 and 1300 hours every 4 d. Plants were watered every other day, and the study was conducted between 13 September and 11 October 2003. Repeatedmeasures analysis of variance (ANOVA) on transformed ( 2 ) numbers of ants and leafhoppers was used to compare the numbers of leafhoppers and ants among the three treatments through time and to compare the number of leafhoppers and ants with and without shelters at 50% shade. Means were separated by least signiÞcant difference (LSD) post hoc comparisons. We present untransformed data in the Þg-ures.
Effect of Shelters on Ants and Leafhoppers. To study the effect of ant-constructed shelters on the numbers of ants and leafhoppers living on gamagrasses in the Þeld, studies were conducted in Los Camachos (Ϸ0.20 ha), Jalisco (20Њ49Ј N, 103Њ20Ј W), at a site 31.2 km from the Zapopan site. Los Camachos is at 1,171-m elevation and has T. dactyloides with D. quinquenotatus tended by several different ant species.
At Los Camachos on 30 May 2004, we found seven shelters on the basal leaves of T. dactyloides that were close to big rocks and shrubs that provided shade to the shelters. Each shelter was between 1 and 3 cm in length. All insects (D. quinquenotatus and S. geminata) in each shelter were collected with an aspirator. Adjacent gamagrasses were searched for D. quinquenotatus tended by other ant species. We collected D. quinquenotatus and their tending ants Pheidole sp. and S. geminata from seven plant stems with leafhoppers and Pheidole sp. and seven stems with leafhoppers and S. geminata without shelters. Pheidole sp. did not make shelters. The collected insects were counted and preserved in 70% ethanol. The number of ants (S. geminata with and without shelters and Pheidole sp.) was compared with a one-way ANOVA of normally distributed data and means separated with LSD post hoc comparisons.
Los Camachos was again visited 2 August 2006 to compare the effectiveness of ants in protecting leafhopper nymphs inside and outside shelters from parasitoids. In early August, the dryinid parasitoid wasp Anteon ciudadi Olmi (Hymenoptera: Dryinidae) is known to attack nymphs of D. quinquenotatus; parasitized nymphs are easily identiÞed because they have a black sac in the thorax that is visible from their Þrst instar (Moya-Raygoza 1995) . At Los Camachos, we found 12 shelters made by S. geminata on T. dactyloides and 12 adjacent T. dactyloides with Brachymyrmex obscurior Forel, an ant that did not make shelters. Leafhoppers and S. geminata were collected from the 12 shelters and leafhoppers, and B. obscurior were collected from the 12 adjacent gamagrasses with an aspirator and preserved in 70% ethanol. The number of leafhopper nymphs parasitized and associated with S. geminata and B. obscurior was recorded and compared with a MannÐWhitney test.
All statistical analyses were performed using SPSS software (SPSS 11.5 for Windows, SPSS, Chicago, IL).
Results

Effect of Shade on Leafhoppers and Ants.
Solenopsis geminata was present tending D. quinquenotatus when stems received 0, 30, and 50% shade, but the number of S. geminata was signiÞcantly different (repeatedmeasures ANOVA; F ϭ 4.40; df ϭ 2,14; P ϭ 0.001) among the three shade treatments (Fig. 1A) . The highest number of ants occurred on T. dactyloides exposed to 50% shade, with an average of 23 ants per plant, whereas plants exposed to 30% and no shade harbored no more than 7 ants per plant. Ants abandoned 17% of the plants that received 30 and 0% shade, whereas no plants exposed to 50% shade were abandoned by ants. The number of leafhoppers was signiÞcantly different (repeated-measures ANOVA; F ϭ 1.89; df ϭ 2,14; P ϭ 0.031) among the three treatments (Fig. 1B) , and the highest number of leafhoppers occurred on T. dactyloides exposed to 50% shade.
Shade had a positive effect on shelter construction by S. geminata. Shelters were made on four of the eight plants that received 50% shade (Fig. 2) . These shelters were made of soil on the bases of T. dactyloides stems or on basal leaves where D. quinquenotatus and S. geminata were located. Shelters were Þrst observed 8 d after screens were removed from gamagrass plants placed in the Þeld until the end of the experiment. These shelters contained three times more ants (repeated-measures ANOVA; F ϭ 7.13; df ϭ 1,5; P ϭ 0.001; Fig. 3A ) and twice as many leafhoppers (repeatedmeasures ANOVA; F ϭ 3.71; df ϭ 1,5; P ϭ 0.010; Fig.  3B ) than occurred on the four plants without shelters.
Effect of Shelters on Ants and Leafhoppers. At Los Camachos, more ants were found on plants with shelters than on plants without shelters on 30 May 2004, the hottest month of the year. Greater numbers of ants per gamagrass tiller were found in shelters made by S. geminata than on plants with Pheidole sp., which do not make shelters when tending D. quinquenotatus, or on plants with S. geminata tending D. quinquenotatus but without shelters (F ϭ 12.76; df ϭ 2,16; P ϭ 0.0001; Fig. 4 ). The number of leafhoppers was slightly greater on plants with shelters but not signiÞcantly different from plants without shelters (Fig. 4) . At the same site, when the parasitoid wasp was present on 2 August 2006, both S. geminata and B. obscurior tended D. quinquenotatus. Although S. geminata without shelters were searched, only S. geminata with shelters and B obscurior without shelters were found tending adult and nymph leafhoppers (Fig. 5) . Nymphal parasitism by A. ciudadi (24%) was signiÞcantly greater (Mann- Whitney U ϭ 12.00; P ϭ 0.001) when tended by B. obscurior, whereas no nymphal parasitism by this wasp was found in leafhoppers tended by S. geminata inside shelters.
Discussion
Shade positively affects this leafhopperÐant mutualistic interaction, with greater numbers of S. geminata ants tending D. quinquenotatus in 50% shade. Shade has been shown previously to positively affect antÐ plant mutualistic interactions, but to our knowledge, this has not been reported for leafhopperÐant mutualisms. The tree S. microstachyum has extraßoral nectaries that serve as a food resource for ants analogous to the honeydew produced by myrmecophilous hemipterans. These extraßoral nectaries hosted more ants in shaded habitats than in sunny habitats, because of greater nectar production in the shaded habitats (de la Fuente and Marquis 1999). The similar results from this study to studies of antÐplant mutualisms support the hypothesis that shade inßuences mutualistic interactions involving ants.
The Þvespotted gamagrass leafhopper, D. quinquenotatus, was tended by S. geminata in 50%, 30%, and no shade conditions, but three times more ants were found tending the leafhoppers at the 50% shade level than at the 30% or no shade levels. It is possible S. geminata prefers shaded habitat because of its tem- perature and humidity preferences. Shade affects microclimate of the habitat where ants live by decreasing solar radiation, resulting in lower temperatures and higher relative humidity. Shade effects on temperature and humidity can affect the number of ants associated with leafhoppers as occurs with ants associated with plants containing extraßoral nectaries. Philpott and Armbrecht (2006) found that shade inßuences the number of ants feeding on plant exudates. The ant Azteca instabilis F. Smith consistently congregates around the shade tree Inga sp., and these aggregations were associated with concentrated food resources produced by extraßoral nectaries (Philpott and Armbrecht 2006) . Ant-constructed shelters have been reported since the time of Linné (Anderson and McShea 2001) . Shelters are important in this leafhopperÐant interaction because shelters increased the number of ants and leafhoppers in this mutualism. Greater numbers of ants and D. quinquenotatus were found on gamagrasses with shelters, which were made by ants only on plants exposed to 50% shade; consequently, shelters provide cover for larger numbers of ants and leafhoppers. Shelters serve to strengthen the mutualism between ants and leafhoppers by increasing the number of participants in the mutualism. Greater numbers of hemipterans produce more honeydew, resulting in increased visits by tending ants (Bronstein 1994, Itiokia and Inoue 1996) . We show higher numbers of leafhoppers and the increased honeydew produced likely attracts more ants to shaded gamagrass habitats. Mutualistic interactions are mediated by the quantity of honeydew, which is a trait subject to selection pressure (Yao et al. 2000) .
Increased numbers of shelter-constructing ants beneÞts the leafhoppers in several ways. While ants receive honeydew, their shelters provide both ants and leafhoppers with a place from which to escape high temperatures. Helms and Vinson (2002) hypothesize that ants in shelters can control high temperatures and may tend myrmecophilous hemipterans in shelters when temperatures would prohibit outside foraging. Hö lldobler and Wilson (1990) suggest the function of shelters is microclimatic regulation and that thermoregulation occurs during the dry season when temperatures are high. This is likely the case for D. quinquenotatus and S. geminata, because this native tropical ant builds shelters where leafhoppers live in May when the highest temperatures of the year occur in Jalisco.
No previous studies have reported that ant-constructed shelters may protect myrmecophilous leafhoppers from natural enemies. Previously Gibernau and Dejean (2001) found two ant species made shelters and protected the bug Caternaultiella rugosa (Schouteden) (Hemiptera: Plataspidae) against an encyrtid parasitoid wasp that attacks eggs of the bug. We found that D. quinquenotatus inside shelters constructed by S. geminata were protected from parasitoids. There was 24% parasitism of D. quinquenotatus nymphs by A. ciudadi when tended by B. obscurior without shelters, but no parasitism of leafhoppers tended by S. geminata inside shelters on adjacent gamagrasses. Consequently, protection from natural enemies, one of the most cited beneÞts of mutualisms to leafhoppers by tending ants, seems to be provided by S. geminata inside shelters to leafhopper nymphs which are relatively sedentary and hence more vulnerable to attack by parasitoids. 
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